We report the successful operation of a medium scale, high current density (230 A/cm 2 ) coaxial e-beam device for excimer laser pumping. Construction, input energy, and output energy are described. Compared with a one-sided transversal system the specific input energy is more than three times higher. This is attributed to the absence of a foil support structure, a better concentration of the energy into the gain volume, and an extra contribution of electrons reflected by the potential field. Moreover, we showed that at high current densities a laser efficiency of about 10% can be obtained and a specific output of 24 J/~.
Introduction
Recent investigations [1, 2] indicate that the KrF* laser can be scaled to high powers at short pulses, while an intrinsic efficiency can be obtained over 10%. This may be accomplished by vigorous pumping in a high pressure laser mixture.
With respect to the three different basic excitation geometries for direct e-beam excitation: transverse, axial and coaxial (radial) the first scheme, simple transverse, cannot be used if homogeneous excitation must be combined with efficient energy deposition. If electrons have such an energy that the foil can be traversed without too much loss, the range in the laser gas is too long to achieve effective concentration of the energy in a limited volume. Axial pumping, on the other hand, although appropriate for low pressure mixtures, should yield a too short excitation region, due to the high stopping power of the laser gas, and requires a rather complex system of magnetic steering coils.
With the coaxial (radial) method, which is simpler to build, a uniform excitation can be easily obtained. The problem of beam pinching can be avoided by diode modularization and the heating problems at high current densities can be less serious by applying a larger effective foil area per unit laser volume. Moreover, it appears that at relatively high diode voltages much more energy can be deposited in a small volume than in the case of a comparable one-sided transverse geometry.
In this article we compare the input and output energy for a transversal and a coaxial excitation device, which both have been developed for the same electron beam machine (600 kV, 60 kA, 50 ns, Maxwell Laboratories) and which have the same length and gain volume.
Construction
Until now coaxial e-beam excitation devices were developed primarily for relatively small laser systems in which a high current density was required [3] [4] [5] . In these systems electron deflection due to the magnetic field of the return current could be kept on such a level that beam homogeneity was acceptable. For larger systems and currents the homogeneity becomes worse, and pinching appears at the critical value, given by the formula [6] In order to avoid pinching in such machines a number of geometries have been proposed that, in principle, divide the system in different diode compartments (modules), each having its own current return path through the separation surfaces. A system with compartment separation perpendicular to the laser axis has recently been tested successfully at Sandia [7] . Our approach, with one surface parallel to the axis, is more easily to implement upon an existent e-beam machine. It can be considered as a transverse diode of which the cathode is bent around the anode, c.q. laser tube. The transversal system we used is the same as described in ref. [8] .
In practise we removed the original graphite cathode of the transverse system and mounted instead a 270 ° cylinder segment provided with four similar graphite cathodes ( fig. 1) This configuration has the additional advantage that the seam in the tube can be a simple glued one, because it can be hidden behind the contact strip. A simple welding technique can also be applied to make a vacuum tight seal [9] . We applied succesfully a thin vacuum grease coating on the cathode cylinder against field emission from the outside. We compared the total amount of input energy and the homogeneity in both the transverse and the coaxial systems (in which the cathode-anode distances were optimized for maximum input energy) by means of two graphite calorimeters: a 1 cm 2 flat probe for measuring the space dependency and a 2 mm thick, 20 mm length ring probe with about the same diameter as the optical cavity, and provided with 10 equally spaced thermocouples. If in the transversely excited system the input energy density is measured along the x-axis, a rather strong decrease is observed in a direction away from the foil, caused by divergence due to scattering of the beam ( fig. 2 ). In case of the coaxial system we measured also normal to the input beam, at different angles with the horizontal plane ( fig. 3 ). On this radius, 3 mm from the 0 44 mm foil tube, the positions of the four cathode blades, as well as the return current ship can be clearly distinguished. In the absence of any intersecting probe these four beams spread freely and each point in the laser tube can be reached by each of the four beams. Therefore, the energy deposition uniformity, as can be checked with laser burn patterns with flat mirrors, is much better than that shown in fig. 3 . Although not directly comparable, these pictures are illustrative for the two different excitation geometries. The input energy distribution along the z-axis, as scanned with the ring probe ( fig. 4 ), is fairly uniform in both cases. The total electron energy input of the coaxial device is for this, and also for higher voltages, about twice the energy input of the transversal device. This improvement is attributed to omission of a support structure (which had an optical transmission of 80%) and a better concentration of the electron beam into the gain volume. It should be noted that these measurements do not represent the energy deposition in the laser gas.
For the transversal system, this can be calculated straightforwardly from the Berger-Seltzer tables [10] with the continuous slowing down (C.S.D.) approach. We measured the pressure rise in 2.5 atm. argon as a function of the Marx load voltage for both systems and assumed that in the transversal case 90% of the laser section was excited, while this number for the uniformly excited coaxial system was stated on 100%. to scale in such a way that the electrons are stopped efficiently in the laser cavity. Due to the returning electrons through a self-supporting foil this advantage can be partly eliminated and a higher energy density may be attained.
( fig. 6 ), one observes good agreement for the transversally excited laser; for the coaxial system, however, the discrepancy rises to more than 60% with increasing electron energy. Although the absolute errors are considerable in both methods (estimated 20% for the C.S.D. method and 12% for the other) by far the largest part of it is systematical, and the difference must be mainly attributed to the effect of returning electrons in the coaxial device which is not included in the simple C.S.D. method. This effect results in an effective current density of maximal 230 A/cm 2 for the coaxial device.
If one continues to use the linear C.S.D. method also for the electrons that have traversed the laser tube radially (assuming that the direction of movement remains perpendicular to the laser axis) the total contribution of the electrons that can also return should be about twice as large as is observed. We assume that the divergence of the beam due to scattering is the main cause that a much larger average foil thickness has to be traversed by the beam and that this will account for the observed discrepancy. We have not tried to make a qualitative calculation of this effect.
In general, the contribution of the returning electrons will be strongly dependent on the ratio of the electron range and the resonator diameter and on the used foil thickness. Small coaxial systems are difficult
Output measurements
On both systems the later cavity consisted of a flat aluminum mirror of about 80% reflectivity and, for outcoupling, a uncoated quartz flat (8%), both with an active diameter of 40 ram. These mirrors were mounted directly on the cavity on a distance of 85 cm from each other. The output measurements were done with a Gentec ED-500 energy meter via another 8% reflecting quartz flat to reduce evaporation and blow off from the surface. For low intensities direct measurement was in good agreement with this.
Further diagnostics included a fast photodiode (1TT 4115), for the time dependence of the output signal, and built-in in the excitation device, a salt solution voltage divider and return-current probe to monitor the voltage and current pulses in the diode. The fast signals were recorded with a Tektronix 7912 transient digitizer. Beam uniformity could be studied by means of burn patterns on exposed polaroid film. Laser output spectra showed that energy from wavelengths other than 248 nm could be neglected.
Before filling the laser, the cavity was passivated with fluor. During the experiments the gas was circulated continuously through a water-cooled bypass. Apart from ensuring a constant temperature this also 
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10" provided a fast method for mixing the different gases. Optimisation studies on the transversal system had resulted in an optimum gas mixture of 4 torr F2,120 torr Kr, and rest Ar with a total pressure of 4 atm, which delivered 3.4 J. The optima for F 2 and Kr are rather broad, whereas the dependency on the argon partial pressure is determined more sharply. For lower load voltages it shifts to lower pressures. An efficiency of 8.8% is reached for 2.7 J from 2.5 atm at 0.9 of the max. load voltage. The coaxial device gave with the same mixture maximal about 9 K, but better results were obtained with a slightly richer mixture: 200 torr Kr and 6 torr F 2 and rest Ar.
At 2.5 atm. this delivered 10.5 J (with efficiency of 9.8%) and at 4 atm. 12.8 J. Results are depicted in table I and fig. 8 .
As a matter of course these results can be improved by using a dielectric mirror in place of the aluminum one.
Only at the end of these experiments we had to our disposal a maximal reflecting dielectric mirror (97%), With this the output could be increased to over 15 J or 24 J/~.
